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IEXPERIMENTAL STUDY OF THE COATING FORMED ON NITRIDED-STEEL PISTON
RINGS DURING OPERATION I NITRIDED-STEEL CYLINDERS

By A. R, Bovrowsky, J. Howard Kittel,
andi Charles P, Boegll

SUMMARY

Nltrided-~eteel piston rings tiat were rn in nitrlded-steel cyl-
inder barrels showed matorlsl of high reflectivity on their rumming
faces, The structure of this material couwld not be resolved at a
magnification of 1500 diameters, No usual atrorg acid o base was
ahle to attack the outermost skin of the coatling and only a few of
the reagents tried would attack the subsurface portion of the coat-
lng. The Blorbaum mlcrohardness of the coating is 2500, neerly that
of the nitrided case. Ko chemical, slectirographic, or spectro-
grapblc anelysis could be made because of the inertness and the
srall amount of materiel present., The coating formed to a thicknoss
of about 0,000l inch in tie svrrface of the pilston rings and was
ralped above the nomlnal surface of the rings by 0.00001 to 0,00002
inci:, Vorking wvas epparent in the ring mnterial directly beneath
the coating, he coatlng was aleo present in tlie surface of the
c;rlinder barrel but to a lesser extent., I% is belleved that (1)
the coating wms formed by tho local melting or scfiening of tae
nitrided surface and subsequent sudden cooling; (2) thils material
i1s bereficial to the operation of nitrided-stesl piston rings;
and (3) the coating can be artificially produced on nitrided rings
prior to service operation,

INTROJUCTION

The presence of a material formed in the running faces of
nitrided-ateel piston rings during operatlion hes been observed
by the Army Alr Forces, Materisl Command, and by the NACA. This
materlal showed high reflectivity when properly illuminated end
viewed, TExamination at high magnification indicated that the
structure of the coating could not be resolved at a magnification
of 1500 dlameters, The coating was found to be extremely hard,
and chemical tests Indicated that it was also highly corrosion-
resigtant.
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Materlal formed on sliding surfaces has beer noted by C. Fayette
Taylor, J. T, Burwell, Jr., J., Wulff, and H, W, Fox of the Massachu-
getts Inetlitute of Technology. The materlial found by these men oce
cuwrred a8 eruptions on the surfaces of steel disks that hed been run-
in against chilled cast-iron disks.

Nitrided-steel plston rings are In the late experimental stage,
that is, they are not yet used on combat aircraft, and the question
of whether the coatling is beneflclal lmmediately beccmes important.
The answer to this question involves a etudy of the physical and
chemical propertiocs of the coating and a determination of its ori-
gin., At the reguest of the Army Alr Forces, Materiel Command, an
Investigatlon wss therefore conducted at the Alrcraft Engine Re-~
search Laltoratory of the NACA at Cleveland, Ohio, in the summer of
1943,

The primary objects of the investigation were: (1) the deter-
mination of the origin of the coatlng, that ie, vhether the material
was formed from tke ring me*al or the harrel metal and (2) the
determination of the p:ysical ard caemical claracteristics of tle
coating. A secondary ovJect was to slow whether the coating war.
detrimegntal cr berneficlel to platon-ring and cylinder-ltarrel cpora-
tlon.

Photomicrographs of piston-ring sections are presented to il-
lustrate the phrsical structure of the coating materlal, to show
the effects of various etching reagents on the materlal, and to
indlicete the p:robable origin and the process of formatlon of the
materlal.

APPARATUS

Although the coatling in plston rings can be examined with
vertical 1lllumiration, the setup illustrated in figure 1 was used
for visual obtservation because of the greator ease of viewing, A
meiallurgical microscope was used for all plan~-view photomicro-
graphs et mognifications ol from 40 to 70 dlameters.

terference patterns of the coatling on the rings were made
by placing an optlcal flat next to the piston-ring face and photo-
grephing tie fece tarough the flat, Sodium light was used vo il-
luminate the speclmen,

A Bierbaum microcharacter (a scratch-hardness tester) using
the 9-gram load and & metallurglcael microscope with a fllar micro-
meter were used for microhardnoss determinations,
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A grating specSrograph was used for the spectrographic analy-
sis. A sensitive dial gage, on which 3/64 inch was equivalent to
0.00005 inch, was used in an attempt to determine the height of
the coatings.

TESTS AND RESULTS

FPhotomicrographs of nitrided-steel piston rings are presented
for convenlence of refersnce. Migure 2 illustrates the cross sec~
tion of a typlcal nitrided-steel piston ring. The polished and
etched cross section shows the urniirided core, the thick, dark-
appearing nitrided case, and the thin shell of “white“ nitrides.
The entire ring is covered wilth white nitrides Ilmmedlately after
nitriding, but the whlte layér 1s subsequently removed by machin-
ing except at the cormers, Figures 3, 4, and 5 are highly magni-
fled detalls of the core, the case, and the white edge, respec-
tively. The 1solated dark spots shown in figure 2 are inclusions
in the original unnitrided steel as may be seen from figure 6,
which ls & photomicrograpin of an umetched polilshed cross section.
Al)l speclmens intended for crosae-sectlonal observatlion were
plated with nickel before polishing in order to back up the
surface profile and prevent rounding of the specimen edges during
the polishing operation,

Ooccurrence of Coatling

Ovservations of nitrlded rings after operation indicated
that the coating in a plston-ring face mey occur in a mottled
condition (fig. 7) or a relatively ccntinuous condition (flg. 8).
Ingpection of many piston rings indicates that the rings which
have operated the longest perlicds show a more nearly continuous
appearance of coating than the rings which have operated for
shorter perlods, The rumming surface of the barrel appears to
contain only small amounts of tiae coating. (See fig. 9.)

When a ring that cortained coa%tling material was sectioned,
polished, and etched with the usual metallographlc etching re-
agentas for steel, such as 2 percent nital (nitric acid plus
ethyl alcohol), the coating waa difficult to observe, (See
fig. 10,) When the eame seoction waa etched with potassium or
sodium hydroxide, the coating material was attacked (fig. 11)
and was clearly visible., No crystel structure was resolved
in the ccating laJor even at the magnification of 1500 dlameters.
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Evidence that the formation of the coatlng materlal is neg-
ligible in the portions of a ring vhere white nitrides are present
1s glven In figure 12, The nltrided ring shown in this figure was
run in a nitrided barrel and 1t can be seen that the white nitrides
have formed little coatling materlal, Figure 13 shows the port._.on
of the ring immedlately adjacent to the portion shown In figure 12
and it can be noted that, except for the white odge seen in figure
12, the coating layer 1s continncus.

No evidence of pitting wes found to Indlcate that the coat-
ing material consists of material detached from ome sliding sur-
face end deposited on the other,

Thicknoss of Coating

Tue thickress of the coating (Aeterm!red in every case vy .
sectioning) was 0.0001 iach cr less. Figuwe 14 illusirates a
magnitude of thickness typical > moat ccatlng layers viswsd.
The chief exceptlon to thila thicknoss measurement is shown in
figuie 12 whe—~e the thickness of the layer has reached 0,00025
iach,

Heisht of Coeting above Nominal Surface

Tho coating, as a rvle, tendod to fiil hollows in the sur-
face rrofile of the piston ring. (Sce fig. ll.) The distortion
in a large field of view inhercnt in phot.micrographs made at
high magnification made dlfficilt the determination of the rela-~
tive heights of cceting and basis mateirlal of the plston ring.
The relative heights of the coating and the basla materlal were
de*ermined by light-Interforence nethiods. An optilcal flat pleced
noxt to the running face of tha piston ring and 1lluminated by a
sodium lamp produced the Interferenco rings shecwn 1n figure 15,
Tho distance between adjacent dark bands represonts a difference
of 0.C0001 inch (1/2 wavo length of sodiuvm lisht) in tho distances
betwoon the surface cf tho rilng and that of the cptlcal flat at
the barnde. In ordor to find the helght of the maoterial above
the basis metal, 1t is only necassary to oouvnt the interference
fringos betweon the *top of the coating surface and an adjoining
rogion of basle metal and te avltiply by 0.00001. The coating
in thuse tests 1as from (,.C0001 Lo 0.0C0C2 inch above the nominal
surfaco of tto particular specimen,
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The phitomicrogreph of ccating material on a cylinder barrel
(fig. 9) shows conclusively by light reflection that the coating
wag.raised above the nominal cylinder surface. For convenlence,
the gecmetry of 1light reflection from the -coating .on a cylinder
barirel is shcwn 1in figure 18. If the coating were to form as a
builld-up on the cylinder barrel, the bright sides of the build~up
would face the source of illumination. If pits were formed, those
parts of the plts away from the directlon of 1llumination would
become most brillisnt, ¥Figure 7, which is a photomicrograph of a
nitrided-stecl piston-ring face under obligue illumlnetion, simi-
larly, shows by light reflectlon that the coating materlal is
slightly raised above the nominal surface of the platon-ring face.

Inconclusive results as to the relative heights of the coat-
ing on the cylinder berrel vere obtained from tests with a sensi-
tive dlal gage. A precislon mechanical stage to position the
specimen would be necessary ln order successfully to use a dial
&a3e.

Chemical Charactoristics

The cutermost skin of the conting appeared to be extremely
correslon-resistant becaune none of the customary strong aclds
(such as hyircchloric, sulfurlc, nitrlc, and aqua regia) nor the
strong tases (such as hot concentrated potassium or sodiwm hydrox-
ide) wculd attack 1t. The coating material Just below the surface,
howover, cculd be attackod, bub only by Lot concentrated potassium
cr sxdivm hyd~oxide, Typicol results of etching aie shown in fig-
ure 17, wieve nital was used as tho etching reagont, and in figure
11, wvae:e ho>t concentratoed pctassiim hyd:cxid= was used. No re-
acilon ~ccevried using nital, ont the hot c~ncentrated potassivm
hdrcx*de definitely attacked the coating material, Table 1 lists
the etuhing reagents emplcyed, thsir purpcaes (reference 1), and
thelr effoots on the coating., It must be concluled that the coat-
ing is ext-emely corr.osion-resistant.

It was impracticatle to 1solats the crating material by dis-
solving awvay the basls mater1lal bocause goses that were evolved
beneath the coating matevial fragaented tho material from the sur-
faco In the form of extromely amnll flnkes.

Physeical Characteristics

The values of Bierbaum microhardness obtained were 2500 for
the ooatlng and 3200 for the nitrided case. These valuse correspond




6 RACA ACR No, 4C31

approximately to the value of 2950 given for nitrided steel in
reference 2. Conversion tables glven in reference 2 list a
Bierbam miciohardness of 2950 as belng equal to Brinell 750 or
Rockwell C-67, The following table compares the microhardness
of the coating material and the nitrided-steel case,

Material [Blerbaum micro- | Rockwell [Vickers pyramid
tegted hardness havdness |hardness
Coating |  ®2500  |~mcmcmec |emcee;eccmeecaa-
material |

Nitrided- | 2950, 83200 be_a7, ©950-1000
stoeel be.72

case {

STegt results.
rom releronce 2,
Cr-om reforence 3.

The depth of teat sciatch ranged frum 0,020073 to 0,C00085
inch, Tho test dilam-nd, therefcroe, muy well have penetrated lhrough
*“he coating layer int_- the tasls metal for a short distance. In any
event, it is probable that ihe coating material is hard, though not
go ha~d as the nltrided vase,

“alluvrgical Change

The metallurgleal clicnges ntserved vhere coeting material liad
formed in the .unning facos of ritrided-stesl plston rings we.e two-
fold; a coating layer was created, and tlie metul grains Just dbe-
neath weire deformod. A typical cross section of a portion of the
imnning fuce of a nit+ided ring on which no coatlng hes baen Tormed
ig shewn In figire 4, In tuls ring the gralns are undeformed. Fig-
ure 14 shows the defo:med (worked) groin structure of a portion of
a ring face in which a cocting has formed. The Individunl gralns
apparontly retaln their !dentity up to the polunt of conversion to
cooting meterial, even when tho elonmied grains no longer resemble
any part of the origlnal structure. Filgures 12 and 13 show ancther
porvion of n plston-ring face, but here tho gralns lecse thelr
ldentity and moigoe to form a nearly homogenosus leyor dlvectly
toneail the coating meterlal.

Added visual comprehension of trhe deformatinsn of the metal
grains shewn in figure 17 may lte obtacined from figure 18, which
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is & photamiorogreph of the game snecinmen except that obliquo 11
lmiration was ernloyed. The long slanting grain in the center
of figme 17 divoctiy benesth the deformed grains may be seen at
the left of the veunter in figure 18, )

Addltlional Tests

Spectrographic analysis of the coating material was attempted
by first otriking a spark to the ooating layer and sscond to the
basis metal of & ring. The spectrum was ldentical in beth ocases,
but this result wes rot umeoxpscted because the thickress of tkn
layer was so mcall thst 1t peimittsd the opark to penetrate to the
busiz metal,

Flectrographic teots on the outermcut skin of the coating
materfal for nickol and chrecaium, Losa of whtch are prose'xt in
ring eni barrol material, Taliod to roveal tl'e pressnre ot'!sither
element, alti~igi tho oismonts woro found in the nitrided case,
It is belicr*ecl that the swface of lie coating materinl wes too
poernive to ellew us.aal eloctrocherlcar reacticns to occur,

DISCUS3ION CF RUGUTIS

It has been shown by sxpa-imcat ( eforence 4) +hat the pur-
face terperctuwre o€ a netal clider rry reach the softeniw; or
noltirz Toint ~f L0 glides, Such high tcmpsratures ares ndt come
manicatd to tie bulk of this mlifer buraupe tho Leai c.pacity and
diesipation cf tho bulk mars 15 grent relative to She heat genorated
rb the slider raco. Appornnily o pleton rinyg in oporatlon mal bo
haated to hlglu local teupsraSvras thnt chueo the melal on tihe face
to aoften or melt, fluw ovor tho Taco, and rogolidily. Bocause
tho hoat capasity of bucls material is great comparod with that
of the softoned or molton surfaco leyer, 1t is prodablo tihatv the
topmost layor hardsns alwast inetentnncounly. Complete recrystal-
lizetlion would not occonr aa® tho materi..l would rewaln amerphous
or suall in gialn gizne bucausn the ccoling tlmo 1s shiort. Such
layore mey poaesos chemlocal ard physlcal vroporties divferent
from those of ordinary crystalline material (referenco S).

Is appears tha* microascopically high spots on tho nitrided-
steel pleston ring form a cocting materlini, oviatuaily rempulting in
a continucusly coateé running face. Tho sams coenditlon apparently
manifesta 1tesalf cn the cylinfcr-barrel swface, Thils condltion
mey porhaps be accolorated by the high unit wall pressurcs of' the
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present design of nitrided-steel piston ring. The coating materilal
ghould be beneficlal 1In service 7peration because it is corrosion-
resistant, only slightly softer than the nitrided case, and minute-
ly raised above the baslip metal of the ring. Because the coating
1s raised ab>ve the basis motal, contact ani wear will tend to oc-
cur cn the ocating rather than cn the basls metal. Also, steel
will not be running on ateel with attendant high rste of wear.

The difference in relative heights of the coating material
and the basis mate:lal is probably a result cf the fact that the
nitrided camo 1ls less corroslon~resistent than the coating material
and is co.rried until its svrface is lowered. Ia fact, when ring
specimens were electrcgrarvhically attacked by reagexts for deter-
mination of the presence ol nickel antd chromium, onl; the nitrlded
cagse weg atiacked, No evidcnce has besn found that machined
ricrided steels are particularly corroslon-reslstent; publilahed
results of tests arpear to aave been obtalned from ummachlned
nitirlded-ateel aspeclimens with the white nitrides intact,

Inasmuch en the ccating material has not been ldentifled by
the methods indicated in this paper, other means of analysis such
es X-ray diffraction and eloctron diffraction wlll be attempted.

SUMMARY OF RESULTS

The resuits of the investigation of ccating material found
on tha faces of nltrided-stesl viston rings after cperation can
be sunmarized as follows:

1, Coatlrg material. waer formod In the runnirg faces of
trided-steel piston rings durlng service opersticn.

2. The coating metorial was extremely corrosion-resistant.

3. The coating matoricl st wed a Bleirtaum mlcrohardness of
£500, slightly les:; thnen tizt of a nitrided-stesl case. This
lerdneaz 1s a prelimina-y value.

4. The cocting matorial was .ailsmed vory slightly, 0,C0001
inch to 0.000025 inch, abovo the nominal surface of the pinton

ring.

5. The thicknesas of the ceoating layer on the tost spocimons
oxamined was approxlmately 0.000L inch,

Aircraft Engline Research Laboratory,
Naticnal Advisory Comulttee for Aeronautics,
Cleveland, Ohio,
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TAELE 1, - EFFECTS OF ETCHING REAGENTS ON COATING

Reagont Purpose Effect
Chromic ecid® Attacks cementite rapidly!None®
Oxalic acia? Reveals precipitated None?
carbides
Sodium cyanide® Darkens carbides None?
Glacial acetlc acid plus 8hows structure of nickel |[NoneP
nitric acid and its alloys
Potassium hydroxide, hcu, General corrosion Cross section
conocentrated etched?
Sodium hydroxide, hot, con- General corroslon Etched®
centrated
Ammonium hydroxido, con- General correcsion None®©
centrated
Acetyl chloride plus aluminum |Reascts with some resonant |[Cross sectlon
chloride comp-unds slightly e-chedP
Acetyl chloride Check cn above, should ToneP
not react
Potassiuwm thlocyanate plus Test for passive film of [Surface oolored?
‘hydrcchloric acild iron oxide
Sodiwum hydroxide plus Darkens tungsten carbide [None®
hydrcgen peroxide
Sulfuric acidd General Corrosion [NoneD
Sodium picrate® Colors ceamentite S1ight color, not
reliableP
Nitric acid, hot and cold, General corrcsion None?
dilute and concentrated
Sulfuric acid, hot and cold, |!Gemersl corrosion NoneP
dilvte and concentrated
Hydrochleric acid, bhot and General corroslon Nono?
cold, dilute and concentrated
Potassium ferrlcyanide plus Nitrides unaffected, Blackened®
potassium hydroxide, hot, carbides blackened
concentrated
Ammonium persulfate Darkens ferrite None®
Aqua regla General corrosion Noned
Oxidized nitric acid Gensral corrosion None?
Stead s reagent Revenls steadite None®
Stannous chloride Chemical reduction None©

0T ectrolytic etoh.

eagent applied on cross section and outer skin cf coating.
CReagent applied on cross section of coating,
dReagent applied on outer skin of occating.
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Angle of incidence i
must closely equal angle
of obseruvation r.

Angles may vaory from

10° to 60°. :

A Light source
B Observer or comera
C Condensing lens

D Microscope
E Piston-ring specimen

Figure 1. - Geometry of illuminaoting ond viewing
coating on a piston ring.




WHITE NITRIDES

_ RUNNING FACE

Figure 2.—Transverse section of a typical nitrided-steel piston ring. The black spots in the core are inclusions. (CF. fig. 6.) The white
nitrides are present at the corners of the ring where they have not been removed by machining. Etched in nital. X100.
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Fig. 3
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Core structure of a typical nitrided-steel piston ring. Etched in nital. X1,500.

Figure 3.
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Core structure of a typical nitrided-steel piston ring. Etched in nital. X1,500.

Figure 3.
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Figure 4.—Transverse section of the running face of a nitrided-steel piston ring after test that has not
developed coating material. The grain structure is undeformed up to the surface of the ring. This
undeformed material is characteristic of those areas where coating material has not been formed.

Etched in nital. X1,500.
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TRIDED CASE
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Figure 5.—Transverse section of the upper edge of the running face of a typical nitrided-steel
piston ring. The white nitrides are present at the edges of the ring where they have not been
machined off. Etched in nital. X1,500.
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Figure 7.—Running face of a nitrided-steel piston ring after test, showing mottled occurrence of
highly reflective material. Oblique illumination. Because the bright side of each area faces
the light source, it is apparent that the coating material is elevated above the nominal
surface. Same ring as figure 2. Unetched. X45.



NACA Fig. 8

TOP OF RING

COATING MATERIAL

Figure 8.—Running face of a nitrided-steel piston ring after test, showing continuous occurrence of highly
reflective material. Vertical illumination. This ring ran for 25 hours at 2,500 r. p. m. and a brake
mean effective pressure of 209 pounds per square inch. Etched with dilute nitric acid. X50.
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Figure 9.—Running face of a nitrided-steel cylinder barrel after test, showing occurrence of highly reflective material.
Because the bright sides of the reflective material face the source of illumination, it can be seen that the spots are
actually build-ups of coating material. Unetched. X 45.
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Figure 10.—Transverse section of the running face of a nitrided-steel piston ring after test,
showing coating material. The coating material has not been etched and is therefore difficult
to distinguish from the nickel layer directly above. Etched in nital. (CF. fig. 11.) Same ring
as figure 7. X1,500.
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Figure 11.—Transverse section of the running face of a nitrided-steel piston ring after test,
showing coating material. Only the coating material has been darkened, thus rendering it

easily visible. Same area as figure 10. Etched in hot concentrated potassium hydroxide.
x1,500.



Figure 12.—Transverse section of the running face of a nitrided-steel piston ring after test. The coating material has formed a heavy
layer over those parts of the face where no white nitride exists. This ring was used for two tests and then lapped. It was then run
in for 1 hour and operated for 25 hours at 2,500 r. p. m. and a brake mean effective pressure of 209 pounds per square inch.
Etched in nital. %X1,500. k
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Figure 13.—Transverse section of the running face of a nitrided-steel piston ring after test,
showing coating material. Same ring as figure 12. Etched in nital. 3X1,500.
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Figure 14.—Transverse section of the running face of a nitrided-steel piston ring after test that
has developed coating material. The grains directly below the coating material have been
severely deformed by working, but they retain their identity. (Cf. fig. 17.) Etched in nital.

X1,500.
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Figure 15.—Interference fringes on the running face of a nitrided-steel piston ring, showing
relative heights of coating material and nitrided case. The heights of the coating patches are
found by counting the bands between the top of the area and an adjacent area of the bare
case. Each band corresponds to a 0.00001-inch difference in height. Unetched. <40,
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Figure 16. - Geometry of light reflection.
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Figure 17.—Ttansverse section of the running face of a nitrided-steel piston ring after test that
has developed coating material. In this case the working has been so severe that the grain
structure has been destroyed for a small depth, and a layer of homogeneous material exists
directly below the coating material. There is still a sharp dividing line between the coating
material and the homogeneous layer because the homogeneous layer was attacked by the
etching reagent. (Cf. figs. 17 and 18.) Eiched in nital. X1,500.




Figure 18.—Transverse section of the running face of a nitrided-steel piston ring after test that has developed coating
material and a homogeneous layer. This is the same area as figure 17, but the illumination is oblique. The long
slanting grain at the left of the figure appears in the center of figure 17. Etched in nital. X1,500.
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